The extent to which carbon flux is directed toward fermentation versus respiration differs between cell types and environmental conditions. Understanding the basic cellular processes governing carbon flux is challenged by the complexity of the metabolic and regulatory networks. To reveal the genetic basis for natural diversity in channeling carbon flux, we applied quantitative trait loci analysis by phenotyping and genotyping hundreds of individual F2 segregants of budding yeast that differ in their capacity to ferment the pentose sugar xylulose. Causal alleles were mapped to the RXT3 and PHO23 genes, two components of the large Rpd3 histone deacetylation complex. We show that these allelic variants modulate the expression of SNF1/AMPK-dependent respiratory genes. Our results suggest that over close evolutionary distances, diversification of carbon flow is driven by changes in global regulators, rather than adaptation of specific metabolic nodes. Such regulators may improve the ability to direct metabolic fluxes for biotechnological applications.
INTRODUCTION
The budding yeast Saccharomyces cerevisiae is unique in its exceptional capacity to ferment sugar even in the presence of oxygen, a phenomenon known as the Crabtree effect. This effect is most pronounced during growth on glucose, although high levels of ethanol production also are observed during growth on other related carbon sources, such as fructose and galactose. However, in the presence of sub-optimal carbon sources, the distribution of carbon flux among ethanol, biomass accumulation, and complete oxidation to CO 2 can vary considerably (Gancedo, 1998; Polakis and Bartley, 1965) . Accordingly, a complex network of signaling pathways that orchestrates the channeling of carbon flux in response to changes in environmental conditions was characterized (Johnston and Marian, 1992) .
Production of ethanol by fermentation of lignocellulose, the most abundant organic matter on Earth, is an attractive alternative to petroleum-based fuels (Service, 2014) . While lignocellulose is comprised of both hexose (primarily glucose) and pentose (primarily xylose) sugars, budding yeast can naturally ferment only the hexose portion. There is, therefore, a great interest in understanding how to rewire central carbon metabolism to allow for increasing (and sometimes decreasing) ethanol production when growing on any given carbon source. While this is typically explored by a genetic engineering approach, natural diversity between related strains can be informative on how such rewiring is achieved during the course of evolution. We recently reported that natural strains of S. cerevisiae differ greatly in their ability to ferment xylulose, the only pentose yeast that can naturally metabolize (Tamari et al., 2014) . We therefore used this system as a model to identify the genetic variants that contribute to this natural diversity in pentose fermentation.
RESULTS AND DISCUSSION
Among a collection of 12 wild-type S. cerevisiae isolates originating from diverse geographical origins and natural habitats (Table S1 ), T73 and Y12 produced the most ethanol, while CLIB215 produced the least amounts of ethanol, although growing at comparative rates (Figures 1A and 1B) . T73 showed increased ethanol production rate and, therefore, was selected, together with CLIB215, for further analysis. In contrast to phenotypic diversity observed in xylulose fermentation, all strains produced approximately the same ethanol levels when grown on glucose (Tamari et al., 2014) .
We used quantitative trait locus (QTL) analysis to define genetic variants associated with this difference in xylulose fermentation. T73 and CLIB215 were crossed, sporulated, and over a thousand F2 segregants were phenotyped for ethanol production and growth on xylulose (n = 1,061) ( Figure 1C ). Significant diversity was observed among segregants, including a 1% transgressive segregation rate ( Figure 1D ). No correlation was observed between the amount of ethanol produced and optical density reached at saturation, suggesting that differences in ethanol production resulted from differential carbon distribution between fermentation and respiration, rather than differences in biomass production.
We selected the 150 segregants producing the highest amounts of ethanol and the 150 segregants producing the lowest amounts of ethanol and genotyped them individually using restriction site-associated DNA sequencing (Baird et al., 2008 ; Figure S1 ). Altogether, we identified $42,500 sequence variants, which enabled the definition of parental allele frequency in each chromosomal position (Figure 2A ). Significance of association of specific parental alleles with the efficiency of ethanol production was tested and the false discovery rate was controlled using the Bonferroni method, from which the LOD score for co-segregation was obtained.
Seven QTLs co-segregated with increased ethanol production ( Figure 2B ). In four of them, including the two with highest LOD scores, increased ethanol production was linked to the allele of the high ethanol-producing parent, T73. Notably, one of these QTLs (chromosome 7) includes the XKS1 gene, which performs the first enzymatic reaction for introducing xylulose into central carbon metabolism (phosphorylation of xylulose to the pentose-phosphate pathway intermediate xylulose-5-P). In the three remaining loci, the low ethanol-producing parent CLIB215 allele was associated with increased ethanol production, reminiscent of the observed transgressive segregation in ethanol measurements of the F2 progeny.
Four QTLs (chromosomes 4, 7, 9, and 14) were confined to relatively short chromosomal regions ($3 kb). To begin verifying their effects, we swapped these regions between the two parent strains, replacing the predicted low-producing alleles with the high-producing ones ( Figure 3A ). Introducing the predicted T73 regions from chromosomes 4 and 7 into CLIB215 increased ethanol production by 6.5-fold and 4.3-fold, respectively (Figure 3B ), thus validating their causal effects. In contrast, allelic replacement of the predicted high-variant QTLs in chromosomes 9 and 14 from CLIB215 to T73 did not increase ethanol production significantly ( Figure S2 ), possibly due to their low effect, inaccurate positioning of the QTLs, or a mechanism involving epistatic interactions.
Each of the identified QTLs included several genes. To identify the individual gene(s) causal for the QTL effect, candidate genes were selected from broad regions spanning the peak center.
These genes were chosen by identifying a non-synonymous sequence variation in the open reading frame (ORF); a sequence variation in the 5 0 -UTR, 3 0 -UTR, proximal transcription-related protein-binding site; or TATA-like element (Venters et al., 2011; Nagalakshmi et al., 2008; Rhee and Pugh, 2012) . In total, 38 candidate genes taken from six QTL regions were selected (Table S2). Allelic replacement was performed on a BY4741 background as follows: for each candidate gene, the BY4741 allele was replaced by either the T73 or the CLIB215 allele and ethanol production from xylulose was quantified.
A significant difference in ethanol production between the T73 and CLIB215 alleles was observed in five genes ( Figure 3C ). For two of these genes, RXT3 (chromosome 4) and PHO23 (chromosome 14), the difference was associated with increased ethanol production above that of the wild-type BY4741 background. The sequence variations associated with these genes included two non-synonymous mutations in RXT3 ( Figure 3D ) and five mutations in binding sites of transcription-related proteins in the PHO23 promoter region ( Figure 3E ). In the three remaining genes, SAL1, EAF3, and YME1, differential ethanol production was a result of reduced ethanol production by the low-allele (A) Growth rates versus ethanol production of 12 wild-type S. cerevisiae strains grown on xylulose (n = 8 repeats), including the two selected extreme strains, T73 (black) and CLIB215 (blue). See also Table S1 . (B) Time course measurements of ethanol production (circles, left axis) and OD levels (shaded lines, right axis) during growth on xylulose for 5 days of the two selected strains are shown (n = 8 repeats). (C) QTL analysis workflow for natural divergence in ethanol production. Wild-type S. cerevisiae strains (12) were phenotyped for their ethanol production from xylulose. The two extreme strains were selected as the F0 generation. These strains were crossed, the resulting hybrid was sporulated, and several individual F2 segregants (n = 1,061) were isolated. The segregants were phenotyped for ethanol production from xylulose and two extreme groups, comprised of 150 segregants each, were selected. The genome of each of the 300 extreme segregants was sequenced for further QTL analysis. (D) Maximum OD levels reached during growth on xylulose versus ethanol production levels of each F2 segregant. The 150 extreme high ethanol-producing segregants (black box) and 150 low ethanol-producing segregants (blue box) were selected for further analysis.
strain, below the amounts produced by the wild-type BY4741 background.
Interestingly, RXT3 and PHO23 are both components of the large Rpd3 histone deacetylase complex (HDAC) (Carrozza et al., 2005a) . Furthermore, EAF3 also is associated with Rpd3 HDAC, but with the small complex (Carrozza et al., 2005b) . Consistent with QTL allelic association, a BY4741 strain containing the T73 RXT3 allele produced more ethanol compared to the strain containing the CLIB215 allele. The opposite was true for the two PHO23 alleles, consistent with its predicted association. Notably, PHO23 was not included in the 2.5-kb region used during allele swapping between CLIB215 and T73, possibly explaining the lack of ethanol induction following the large-scale QTL allelic replacement. An additional effect was observed by replacing the native XKS1 allele of BY4741 by either the T73 or CLIB215 allele, which dramatically reduced the amount of ethanol produced in both cases. This reduction might be explained by the interruption of the regulatory region by the selection marker. We did not follow up on this observation but rather focused on the effect of the Rpd3 genes showing the largest effects.
Rpd3 previously was identified as a general repressor of gene expression, regulating the expression of a large number of genes Kuo and Allis, 1998) . Recruitment to specific genes depends on co-repressors, such as UME6 (Kadosh and Struhl, 1997) . The Rpd3 HDAC also is responsible for the constitutive low level of acetylation of a large fraction of the genome (Weinberger et al., 2012) . The induction of ethanol production by Rpd3 genes, therefore, may be due to changes in the transcriptional program. To examine this, we profiled gene expression of RXT3 and PHO23 allelic replacement strains (BY4741  T73-RXT3 , BY4741  CLIB215-RXT3 , BY4741  T73-PHO23 , and BY4741 CLIB215-PHO23 ), as well as the respective deletion strains (BY4741 DRXT3 and BY4741 DPHO23 ), during growth on xylulose.
In yeast, carbon utilization is tightly regulated at the level of gene transcription (Zaman et al., 2008) . Glucose, for example, represses genes required for respiration and genes involved in alternative carbon metabolism. This repression depends on several signaling pathways, including Ras/PKA, Rgt, and Snf1, which affect partially overlapping sets of genes (Santangelo, 2006) . In all our strains, including the high and low ethanol-producing allele strains, growth on xylulose de-repressed most of the glucose-repressed genes, and their expression remained largely similar. A notable exception was the set of genes normally induced in the presence of an alternative carbon source via the SNF1-dependent pathway (Zaman et al., 2009) . Expression of these genes was significantly lower in the high ethanol-producing strains BY4741 and BY4741 (p values = 10 À5 and 10 À4.5 , respectively; Figure 4 ). Closer examination revealed that differential expression was associated with the CAT8-dependent branch of this pathway (p values = 10
À5
and 10 À8 for BY4741 T73-RXT3 and BY4741 CLIB215-PHO23 , respectively) and not with the ADR1 branch (p value > 0.05 for both BY4741 T73-RXT3 and BY4741 CLIB215-PHO23 ). Indeed, CAT8 is known to activate respiratory metabolism under SNF1-regulated conditions (Tachibana et al., 2005; Young et al., 2003) , while CAT8 deletion was shown to increase ethanol production, even when cells are grown on glucose, by downregulating the expression of genes associated with respiration (Qi et al., 2014; Watanabe et al., 2013) . Furthermore, a role of histone acetylation in activation of CAT8-regulated genes was described previously (Abate et al., 2012) . Together, our results suggest that differential xylulose fermentation might result from distinct activation levels of the CAT8 branch of the SNF1-signaling pathway by the different Rpd3 HDAC variants.
Understanding the regulatory elements that direct carbon flux toward fermentation in yeast is important from both scientific and biotechnological perspectives, as it is essential for achieving efficient cellulosic ethanol production. In this study, we identified components of the HDAC Rpd3L that can facilitate ethanol production from xylulose. Our finding that in nature initial adaptation of metabolic flux is achieved by mutations in general regulatory factors may suggest that tuning such factors may be beneficial when attempting to engineer yeast strains for biotechnological applications.
EXPERIMENTAL PROCEDURES
Strain Collection S. cerevisiae strains YPS1009, T7, T73, PW5, Y12, CLIB324, CLIB215, CBS7960, and YJM269 were a kind gift from Dr. Justin Fay, Genome Institute, Washington University. S. cerevisiae strain EC1118 was purchased from Micha Lerer.
Xylulose Production
Mixtures of xylulose and xylose were produced in the lab following the method described previously (Olsson et al., 1994) . Xylose (350 g, Sigma-Aldrich) was dissolved in 500 ml water and 20 g immobilized Xylose Isomerase (SigmaAldrich) was added. This mixture was incubated at 60 C for 24 hr with agitation (300 rpm). The enzyme was inactivated by heating to 100 C and then filtered off. The resulting xylose:xylulose ratio was determined by high-performance liquid chromatography (HPLC) analysis. Àlog(p.v.) ) for randomly observing the given allelic distribution between the high and low parents per position, across the whole genome. Peaks (QTLs) marked with black asterisks correspond to loci in which the high ethanol parent allele was associated with increased segregant ethanol production, while QTLs marked with blue asterisks correspond to loci in which the low ethanol parent allele linked with increased ethanol production. Dashed line marks the Bonferroni cutoff level. See also Figure S1 .
Metabolite Concentration Measurements
The concentrations of xylulose, glycerol, and ethanol were measured using an Agilent 1200 series HPLC system equipped with an anion exchange Bio-Rad HPX-87H column. When sugar concentrations were measured, a long column was used (300 3 7.8 mm). The column was eluted with 5 mM sulfuric acid at a flow rate of 0.6 ml/min at 45 C. For high-throughput ethanol measurements, a short Fast Acid Analysis column was used (100 3 7.8 mm). The column was eluted with 5 mM sulfuric acid at a flow rate of 1 ml/min at 45 C. All measurements were performed in 96-well plates. Sample filtering for HPLC analysis was performed by mounting AcroPrepTM Advanced Filter Plates (Pall) on 96-well plates and centrifugation. To minimize ethanol evaporation during runtime, plates were sealed with 96-well plate pierceable closing mats (Thermo Scientific).
Yeast Growth Experiments
For wild-type yeast strain growth rate measurement on xylulose, strains were grown in 50-ml starter tubes for 2 days in 5 ml YP-xylulose + xylose (2% xylulose) and then diluted to optical density (OD) 0.1 in 5 ml YP-xylulose + xylose (2% xylulose). OD measurements were taken every 30 min and doubling times were calculated by plotting log2 OD levels versus time. F2 segregant growth was conducted using a Tecan Evolution200 robot. Cells were pre-grown on rich media (YP-xylulose + xylose, 2% xylulose) for 2 days and then inoculated to a starting OD of 0.1 into 96-well plates containing 150 ml YP-xylose + xylulose. Mineral oil (30 ml) was added to each well to eliminate evaporation. Plates were incubated in 30 C in a robotic incubator with gentle agitation. OD measurements were taken every 30 min following a 1-min strong agitation period (1,400 rpm) prior to each measurement.
F2 Generation
The HO locus of wild-type T73 and CLIB215 strains was replaced with either Kanamycin or Nourseothricin. T73 (HO::Kanamycin) and CLIB215 (HO:: Nourseothricin) strains were mated. The resulting hybrid was sporulated using standard presporulation medium/sporulation medium (SPS/SPM) sporulation protocol. Segregant single colonies (1,350) were individually picked and transferred to 96-well plates. To verify that segregants were haploid, each segregant was grown on YPD + Kanamycin and on YPD + Nourseothricin and only segregants that grew on one selection media and not on the other were chosen for further analysis.
DNA and RNA Sequencing Genomic DNA from 300 S. cerevisiae F2 segregants, the two F0 wild-type strains T73 and CLIB215,-and their hybrid was individually extracted using the Yeast Genomic DNA 96-Well Isolation Kit (Norgen Biotek). DNA
Figure 3. QTL Dissection
(A) Two methods of QTL dissection were implemented. First, chromosomal regions confined inside the QTL boundaries were swapped by replacing the low ethanol-producing parent (blue cartoon) CLIB215 region with that of the high ethanol-producing parent (black cartoon) T73 region (top). Second, individual gene causal effects were tested by replacing the BY4741 (green cartoon) allele with that of T73 and CLIB215 and comparing ethanol production of the two resulting strains (bottom). This was performed for each of the tested genes.
(B) Ethanol production of CLIB215 versus swapped strains, for chromosomes 4 and 7 QTL region swapping, as described in the top part of (A). The lengths of the chromosomal regions that were swapped are indicated. See also Figure S2 . (C) Ethanol production comparison between T73 and CLIB215 alleles of 38 genes from the identified QTLs, divided according to chromosomes (two QTLs were mapped to chromosome 7). The alleles were introduced into the same genetic background (BY4741), replacing the native allele, as described in the bottom part of (A). See also Table S2 . (D) RXT3 alignment of T73 and CLIB215 alleles shows the two identified non-synonymous mutations (positions 160 and 269).
(E) Alignment shows the PHO23 regulatory region containing five sequence variations in transcription-related protein-binding sites.
concentrations were measured using PicoGreen double-stranded DNA (dsDNA) quantitation kit (Life Technologies) and measured in a fluorescent plate reader. DNA RADSeq sequencing was performed by Texas A&M Agrilife Research using an Illumina HiSeq2000 platform with 100-bp paired-ends reads. Raw data analysis was carried out using FastQC v0.10.1 (Babraham Institute) and FASTX-trimmer. Read data were aligned to the S. cerevisiae S288c reference genome (SGD R64) using Burrows-Wheeler Aligner (BWA). The GATK toolkit (Broad Institute) was used for local realignment around indels, base quality score recalibration, and SNP calling.
For RNA sequencing, log-phase cells were harvested and frozen in liquid nitrogen. Total RNA was extracted using a NucleoSpin 96 RNA kit (MachereyNagel), substituting b-mercaptoethanol with DTT. cDNA was barcoded and sequencing was performed using Illumina HiSeq2500 platform with 50-bp single reads. Reads were mapped to the S. cerevisiae S288c reference genome (SGD R64) using Bowtie. Reads mapping to rRNA were filtered out. Normalization for PCR bias was carried out using unique molecular identifier (UMI) scoring (Kivioja et al., 2011) . Per-strain mapped reads were normalized to 106 and per-gene mapped reads were normalized by the total number of reads across all sequenced strains.
Functional Analysis of Gene Expression Changes
For expression analysis of glucose-repressed genes, genes were defined using the expression dataset in Gasch et al. (2000) and choosing those genes whose expression level was downregulated at least twice in stationary phase compared to log phase.
Identification of functional gene groups whose expression was significantly altered between high and low ethanol allele strains was achieved by first defining the set of genes representing the most significant changes, followed by enrichment analysis by projecting these gene groups on pre-defined functional gene groups (Ihmels et al., 2002) . To determine the significance of expression changes associated with CAT8 versus ADR1 branches, a hypergeometric test was used based on functional gene data in Zaman et al. (2009) .
Chromosomal Region Swapping and Individual Gene Allelic Replacement For chromosomal region swapping, a Hygromycin (Hyg) resistance marker was introduced adjacent to the chromosomal region of the high ethanol-producing parent. Hyg-containing loci from the high ethanol-producing parent were subject to PCR and introduced into the low ethanol-producing parent, replacing the native locus by homologous recombination. Single-colony transformants were then selected from YPD-Hyg agar plates.
For allelic replacement experiments, each gene was first deleted in BY4741 using a Kanamycin selection marker. T73 and CLIB215 alleles of each gene were cloned into a pYM-N14 plasmid downstream of a Hyg resistance marker. Gene regulatory regions also were included by taking the 500 bp upstream of the 5 0 -end of the ORF and the 100 bp downstream of the 3 0 -end of the ORF, unless another gene was found in these limits, in which case the regulatory region was defined up until the adjacent gene. Finally, the allele + Hyg resistance gene was introduced into the deletion strains, replacing the Kanamycin resistance marker.
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The accession number for the RNA sequencing data reported in this paper is GEO: GSE75673. T73-PHO23 ) (B) for different gene groups during growth on xylulose. Gene groups include all annotated genes in S. cerevisiae (all), glucose-repressed genes (repressed), SNF1-regulated genes (SNF1), and the subset of SNF1-regulated genes associated with either CAT8 (CAT8) or ADR1 (ADR1). Results are the mean of three RNA sequencing repeats.
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